This paper investigates denitrification of brines originating from membrane treatment of groundwater in an upflow sludge blanket (USB) reactor, a biofilm reactor without carrier.
INTRODUCTION
Recently developed membrane processes for water treatment inherently produce brine with problematic disposal to the environment. The volume of brine produced is approximately 10 to 20% of the water volume treated and the concentration of salts in the brine likewise varies between 5 to 10 times higher than the original source water. Today, in coastline areas, the most obvious disposal method is to sea. Strict regulations generally require treatment of brines before sea disposal to meet established criteria mainly for nitrogen compound removal. The relevant brine sources include brines from membrane desalination of brackish water that contain nitrogen compounds, brines from well reclamation plants treating well water rich in nitrogen compounds, and brines from membrane desalination of treated municipal wastewater.
These brines generally contain high concentrations of doi: 10.2166/wst.2010.613 The best solution for nitrogen compounds from brines is biological denitrification that selectively eliminates nitrate from the brine and converts it into nitrogen gas (Clifford & Liu 1993) . Other processes such as electrodialysis, ion exchange or combinations of physicochemical processes with evaporation and more only concentrate nitrate, but do not eliminate it (Grasmick et al. 2002) . The differences between denitrification of brine and denitrification of groundwater are mainly the higher salinity and higher nitrate concentrations in brines with its effect on water chemistry and sludge production.
This research work investigates the biological removal of nitrate from brines created in RO processes. Heterotrophic denitrification of brines was carried out in upflow sludge blanket (USB) reactors comparing the use of ethanol and acetic acid as the carbon source. An USB reactor is a biofilm reactor characterized by a self-agglomerating granular biomass that has no carrier. The efficiency of the USB reactor depends on the creation of biomass with good self-agglomerating and settling characteristics. Biomass that does not settle well washes out from a USB reactor with the effluent, and as a result the efficiency of the process can be reduced.
Previous results (Tarre & Green 1994; Tarre et al. 2000) of denitrification of groundwater and greenhouse leachates in USB reactors showed that the efficiency and stability of the process mainly depends on the mineral content of the biomass granules resulting from the increased precipitation potential in the reactor. Denitrification USB reactor precipitation potential depends on the chemical components of the water, the concentration of nitrate removed and on the selected electron donor. In this paper two different carbon sources were compared as the electron donors for denitrification of waste brine from membrane processes (about 1% salts): acetic acid and ethanol. When ethanol is used as the carbon source and electron donor for denitrification, more alkalinity is released than acidity in the reactor resulting in increased reactor pH, CaCO 3 precipitation potential and mineral sludge production. In contrast, when acetic acid is used as the carbon source and electron donor, more acidity than alkalinity is present in the reactor after denitrification reducing the potential for mineral precipitation.
MATERIALS AND METHODS

Reactors
Two USB reactors with a working volume of 2.8 litres (9 cm diameter) were used for denitrification experiments.
The reactor top was equipped with a gas/solid separator to ensure efficient gas bubble removal from the granules.
Intermittent mixing was also provided. All the experiments were carried out at 258C. Feeding solutions for the reactors were made up of tap water and the following components outlined in Table 1 .
USB reactor startup and operation using ethanol and acetic acid as electron donors Sludge with a high mineral fraction (approximated 80% inorganic) from an USB reactor denitrifying low salinity ground water with ethanol as the electron donor was used as seeding material in the two USB reactors designated for brine treatment. Each reactor received between 600 to 700 ml of sludge (160 grams TSS) containing about 35 g VSS. As described above, one reactor received ethanol as the electron donor, while the other was fed acetic acid.
Analyses
All analyses were carried out according to Standards Methods (APHA 1995). Nitrate (ion chromatography suppressed anion method) and nitrite (colorimetric method)
were measured to monitor reactor denitrification efficiency.
The total and volatile suspended solids (TSS and VSS) concentrations were measured and VSS was used as the measure of biomass concentration. Calcium was measured using the EDTA titration method. Particle size distribution was measured using standard ASTM filter with pore sizes of 0.125, 0.25, 0.5, 1, 2 mm.
RESULTS AND DISCUSSION
Denitrifying USB reactor receiving ethanol After day 20, the intermittent mixing system of the reactor was adjusted to higher rotational speed, and more frequent mixing intervals and a more stable performance was achieved at lower loading rates. With stable performance achieved, the sludge content of the reactor continued to increase and doubled in 30 days ( Figure 6 ). The high sludge production reflected the high mineral precipitation rate caused by the use of ethanol as electron donor and presents a significant process disadvantage.
After day 60, excess sludge was removed from the USB reactor ( Figure 6 ) and the nitrogen loading rates were 
Denitrifying USB reactor receiving acetic acid
In comparison to the startup and acclimation period using ethanol as the electron donor, the USB reactor fed with acetic acid showed higher stability and better effluent quality ( Figure 2 ). As was already mentioned, a highly mineralized sludge taken from an ethanol denitrifying USB reactor was used as inoculum for both reactors. For the first 50 days the acetic acid fed USB reactor sludge content decreased from 150 to 65 g TSS ( Figure 6 ). This was due to the fact that the large inorganic fraction in the seeding sludge (80%) slowly dissolved ( Figure 3 ) because more acidity than alkalinity remained after denitrification (reactor pH about 7, Figure 4 ) and the reactor was under This is in contrast with previous results in our lab using groundwater, which showed that denitrifying USB reactors can only operate efficiently with granules containing a relatively high mineral fraction (Tarre & Green 1994; Tarre et al. 2000) .
While the reactor fed with ethanol was stable only with loads of up to 4 grams N/day, the reactor fed with acetic acid as electron donor was stable even at loads as high as 10 gram N/day. During the same period when the nitrogen loading rate was increased, there was a similar but less pronounced decrease in effluent quality as opposed to the ethanol fed reactor. The deterioration of effluent quality was also ascribed to some influent channeling in the sludge blanket at higher flow rates, as opposed to the pronounced phenomenon that was visibly apparent in the ethanol mineral sludge.
Saline vs. non saline operating conditions
In order to further investigate sludge formation under saline conditions, and to separate the effect of the electron donor used from the effect of salt concentration, a long term experiment was made where sludge from the acetic acid fed reactor was split equally between two USB reactors. The two reactors were operated under identical conditions and with same influent solution, except for one change: one reactor was fed with the brine influent solution (see Table 1 ) and the second reactor was fed with influent solution without additional salts (only tap water). A transition period of two weeks of changing salinity was given in order to adapt the saline grown sludge to tap water conditions. indicating that the sludge was "less compact" and taking up more volume. This is clearly shown in Figure 9 by the large increase in sludge volume index (SVI) for the reactor fed without salts, while the SVI for the 1% brine reactor remained low. The low SVI values in the 1% brine reactor reflected the excellent sludge settling characteristics and the dense, well defined granule structure.
In contrast, the sludge from the reactor fed without salts had poorer settling characteristics and the granules were The particle size distribution and porosity of both reactors also showed significant differences. The sludge from the reactor that was fed with brine was mainly composed of particles between 0.5 -2.0 mm (91%). The sludge from the reactor that was fed without salts addition was mainly composed of particles between 1 -2 mm (68%) and from particles larger than 2 mm (20%). This means that particles from the reactor fed without the addition of salts were larger, and together with the corresponding higher SVI, lighter and easier to wash out than the particles from the reactor fed 1% brine. The smaller size particles produced in the brine fed reactor means a larger surface area to bioparticle volume and translates into a higher overall biofilm surface area in the reactor. This quality gives the sludge from the brine reactor the ability to work at higher nitrate loads and upflow velocities.
CONCLUSIONS
Heterotrophic denitrification of brines was carried out in an upflow sludge blanket (USB) reactor using simulated 1% brine. Two different energy sources were investigated, one promoting precipitation of calcium compounds (ethanol, where more alkalinity than acidity is released during denitrification), while with the other (acetic acid) no precipitation occurred (higher overall acidity than alkalinity). It was found that the efficiency of nitrate reduction in the reactor that was fed with ethanol was high, but only stable at lower loads. At higher loads, channeling was evident and effluent quality degraded. As expected, the sludge in the ethanol fed reactor contained a very high mineral fraction and very low SVI. The efficiency of denitrification in the acetic acid fed reactor was also high and showed stable operation at higher loading rates. The biomass VSS to TSS ratio in the acetic acid reactor changed dramatically from being a highly mineralized sludge (0.2) to one with a high concentration of bacteria (0.9) as a result of calcium carbonate dissolution that occurred under the unsaturated conditions prevailing in the reactor. Despite the decrease in mineral fraction, the SVI values remained low and the sludge settling characteristics were excellent.
Under saline conditions, the high calcium carbonate precipitation in the ethanol fed reactor is disadvantageous due to the production of large quantities of sludge and unstable effluent quality.
Further experiments conducted to investigate granule sludge formation under little or no mineral precipitation in a denitrifying USB reactor showed that higher salt concentrations positively affected the settling characteristics of granules. In a USB reactor operating without additional salts, the SVI increased and the sludge settling characteristics deteriorated. In a similar reactor fed with a 1% brine solution, no change in the sludge properties was observed and the sludge was very dense and settled well. Based on the results presented in this paper, it can be concluded that the USB reactor is suitable for denitrification of brine under conditions minimizing mineral precipitation.
